Introduction

1
Many regions all over the world suffer from heavy metal pollution due to anthropogenic 2 activities. Areas with high industrial or agricultural uses have to cope with increased soil 3 cadmium (Cd) concentration (Nagajyoti et al., 2010) . Cd has a known toxicity to the 4 environment and to all plants (Sanità di Toppi and Gabbrielli, 1999) , thus Cd contamination 5 has increasing importance. Poplars (Populus spp.), which are able to tolerate Cd exposure, are 6 economically important species from the point of view of phytoremediation.
7
In plants, Cd disturbs, among others, the homeostasis of several metals by competing essential 8 metal uptake and translocation (Gallego et al., 2012) . Cd stress leads to strong Fe-deficiency 9 in the shoot (Siedlecka and Krupa, 1999; Fodor et al., 2005; Solti et al., 2008) . Root-to-shoot , 2009; Wu et al., 2012) and in leaf tissues (Li et al., 2014) . In contrast to the effects of Cd 16 on root Fe uptake and translocation, its effects on the uptake of Fe across different membrane 17 systems in the mesophyll cells is hardly known.
18
In the shoot, Cd toxicity and Cd induced Fe deficiency deeply influence the development and 19 activity of the photosynthetic apparatus (Siedlecka and Krupa, 1999) . Inhibition of the 20 chlorophyll (Chl) biosynthesis is one of the causes of the retarded thylakoid development.
21
Although Cd inhibits δ-ALA dehydratase directly, the main reason for the Cd-induced 22 inhibition of Chl accumulation is the inhibition of Mg-protoporphyrin-IX-monomethyl-ester 23 oxidative cyclase, which is an enzyme operating with Fe cofactor (Padmaja et al., 1990) .
24
Inhibition of Chl biosynthesis decreases the accumulation of all Chl-protein complexes 25 (Fagioni et al., 2009; Basa et al., 2014) . Cd induced alterations in the photosynthetic 1 structures are in many ways similar to those caused by Fe deficiency. As photosystem I (PSI) 2 is the major Fe containing complex in the photosynthetic apparatus, Fe deficiency strongly 3 retards the accumulation of PSI in the thylakoid membranes (Andaluz et al., 2006; Timperio 4 et al., 2007; Basa et al., 2014) . Strong inhibition of the photosynthetic electron transport is a 5 general response to Cd stress. While PSI activity was less affected, Cd was shown to inhibit 6 photosystem II (PSII) at molecular level (Sigfridsson et al., 2004) . Functional disturbances of 7 photochemical reaction centres lead to the generation and accumulation of reactive oxygen 8 species (ROS) (Gallego et al., 2012) . In the chloroplasts, one of the most important targets of 9 ROS is the D1 protein of PSII. Damages in the PSII reaction centre leads to inactivation. Non-10 photochemical quenching (NPQ) pathways are essential to eliminate the surplus excitation 11 energy thus prevent the generation of ROS. Among the variable quenching mechanisms, heat 12 dissipation in antenna complexes and quenching by inhibited PSII centres can significantly 13 contribute to NPQ (Hendrickson et al., 2005) . Using internal non-photochemical quenching 14 routes, the inactive reaction centres protect the neighbouring active PSIIs (Chow et al., 2005) .
15
Elevated level of Fe was shown to provide protection against many toxic effects of Cd. In the 16 presence of Cd, increased Fe supply helped in retention of growth, pigments, and 17 photosynthetic activity in bean and poplar seedlings (Siedlecka and Krupa, 1996; Sárvári et 18 al., 2011) . In Brassica juncea, the presence of Fe was found to protect thylakoid complexes 19 against Cd compared to Fe deficient circumstances (Qureshi et al., 2010) . In addition, it was 20 also proved that a five-fold higher Fe supply was able to recover the acute Cd toxicity 21 symptoms of photosynthesis (Solti et al., 2008) Spectrometer, Thermo-Fisher, USA).
18
Measurements of photosynthetic pigments
19
Chlorophyll content of leaves was determined in 80% (v/v) acetone extracts by a UV-VIS 20 spectrophotometer (Shimadzu, Japan) using the absorption coefficients of Porra et al. (1989) .
21
For the quantification of xanthophyll cycle components, leaf discs were adapted to darkness photosynthesis also leads to light stress, the quenching parameters of Hendrickson et al.
20
(2005) were used for assessing the excitation energy allocation in all samples as follows: 
Results
20
In order to study the detailed restoration process, growth, nutritional and photosynthetic 21 parameters of Cd treated plants were determined frequently after the transfer to Cd-free Fe content of the 6 th leaves of Cad/Ctrl50 plants started to increase following a 3 h lag-period.
10
It only increased during the light periods, while the Fe content of leaves was the same before 11 and after the dark periods (Fig. 3A) . turned into accumulation in the third part of the first light period (Fig. 6A) . During the second 4 light period, some accumulation was also observed, then no further significant changes were 5 measured in the β-carotene content. In contrast to the β-carotene, both of the lutein and the 6 ΣVAZ contents remained unchanged during the first light period, and started to increase only 7 later in the second light period (Fig. 6B,C) . Afterwards, no singnificant changes were Table 1 ).
In Cad/Ctrl50 leaves, the change in the de-epoxidation of xanthophyll cycle pigments under 11 light adapted conditions (DEEPS) showed similar trend to that of the Chl a/b ratio (Fig. 6D ).
12
It started to increase in the first light period, reached its maximum in the second ligh period of Cad/Ctrl50 plants (Fig. 7C, Fig. 8 ). Accumulation of reaction centres (both PSI and PSII) 5 could be detected from the beginning of the second light period, in parallel to the increase in parameter but the relaxation of Φ f,D was faster than that of Φ NF (Fig. 9C,D) . Though acute Cd 5 stress did not cause any significant changes in the antennae-based non-photochemical 6 quenching, the start of the recovery processes was clearly associated with a peak-like 7 elevation of Φ NPQ values approximately 6-10 hours after the start of regeneration at the end of 8 the first light period (Fig. 9B ). In the second light period, the Φ NPQ values of regenerating 9 plants did not differ from those of the Ctrls'. Altogether, the most important changes were 10 associated with the 6-11 h time window after exposure to elevated Fe level. Fe in the 400 mL nutrient solution, respectively) during three light periods, which underlines 4 the importance of the periodic nutrient solution refreshments in experimental protocols.
5
Moreover, the decrease in the Fe content of Ctrl50 solution was much higher compared to (Fig. 4B) , and consequently, in the cytoplasm of the mesophyll cells.
22
Based on our data, the further translocation of Cd to the leaf could have negligible impact on 23 the chloroplast Fe acquisition process. In agreement, the presence of a large amount of Cd in 24 chloroplasts has not been verified yet (Ramos et al., 2002; Pietrini et al., 2003) . 
17
During regeneration, together with the increase in the chloroplast Fe content (Fig. 3) , both the Chlamydomonas. Nevertheless, the presence of TAA1 homologs in higher plants has not been 6 proved yet.
7
Lowering of the Chl a/b ratio and increase in the amounts of lutein and other xanthophylls, 
